Recent ALMA observations indicate that the majority of bright protoplanetary discs show signatures of young moderately massive planets. I show that this result is paradoxical. The planets should evolve away from their observed states by radial migration and gas accretion in about 1% of the system age. These systems should then hatch tens of giant planets in their lifetime, and there should exist a very large population of bright planet-less discs; none of this is observationally supported. An alternative scenario, in which the population of bright ALMA discs is dominated by secondary discs recently rejuvenated by deposition of new gas, is proposed. The data are well explained if the gaseous mass of the discs is comparable to a Jovian planet mass, and they last a small fraction of a Million years. Self-disruptions of dusty gas giant protoplanets, previously predicted in the context of the Tidal Downsizing theory of planet formation, provide a suitable mechanism for such injections of new fuel, and yield disc and planet properties commensurate with ALMA observations. If this scenario is correct, then the secondary discs have gas-to-dust ratios considerably smaller than 100, and long look ALMA and NIR/optical observations of dimmer targets should uncover dusty, not yet disrupted, gas clumps with sizes of order an AU. Alternatively, secondary discs could originate from late external deposition of gas into the system, in which case we expect widespread signatures of warped outer discs that have not yet come into alignment with the planets.
INTRODUCTION
Planet formation and protoplanetary disc evolution are deeply intertwined problems; yet we usually observe either planets around 'old' stars without discs or young stars with discs but without detected planets. In 2015 ALMA revolutionised the field, showing first hints of planets immersed in discs. In this paper I argue that these observations may require a significant re-evaluation of our view of both planet formation and protoplanetary disc evolution.
A generic planet is a solid core surrounded by a volatile envelope. There exist two opposite scenarios for assembling any such planet at any separation from a host star, and this is why planet formation remains a largely unsolved problem. In the Core Accretion (CA) scenario, planets start as tiny solid bodies and grow first by accretion of solid material and then by accretion of gas (Safronov 1972; Pollack et al. 1996; Ida & Lin 2004; Alibert et al. 2005; Mordasini et al. 2009 ). Assembly of massive cores via planetesimal accretion is too slow beyond tens of AU (e.g., Kenyon & Luu 1999) to result in a gas giant planet. However, Ormel & Klahr (2010) ; Johansen & Lacerda (2010) pointed out that accretion of ∼ 1 mm to ∼ 10 cm sized pebbles could significantly speed up assembly of massive solid cores in CA. It is thus viable to hatch massive gas giants by CA even at separations of 100 AU (Lambrechts & Johansen 2012; Lambrechts et al. 2014; Bitsch et al. 2015; Mordasini 2018; Bitsch et al. 2019 ).
In the Gravitational Instability (GI) scenario (Kuiper 1951) , a massive protoplanetary disc fragments onto gaseous clumps. Discs cannot fragment at distances closer than ∼ 50 AU (Gammie 2001; Rice et al. 2005) , so classical GI was felt to be relevant only to the rare directly imaged planets beyond tens of AU (e.g., Rafikov 2005; Marois et al. 2010; Vigan et al. 2017 ). However, GI clumps can be delivered into the inner few AU within ∼ 10 4 − 10 5 years due to gravitational interactions (migration) with a massive disc (Vorobyov & Basu 2005 Machida et al. 2010; Baruteau et al. 2011; Michael et al. 2011; Forgan & Rice 2013; Fletcher et al. 2019) . Sedimentation of grains within the clumps yields solid cores (e.g., McCrea & Williams 1965; Cameron et al. 1982; Boss 1998; Helled et al. 2008; Nayakshin 2010b) . Removal of some or all of the gaseous envelope then results in a very broad range of planet outcomes Nayakshin & Fletcher 2015; Müller et al. 2018) . This modern variant of the original Kuiper (1951) scenario is now known as Tidal Downsizing (Nayakshin 2010a (Nayakshin , 2017a .
As with Core Accretion, the physics of the model is diverse enough to produce planets of any mass and at any separation.
Differentiating between these diametrically opposite scenarios proved hard not only because they are complex but especially because pre-ALMA observational constraints on planet formation are indirect. Until recently we had data about (a) systems that are no longer forming planets, such as the Solar System and the exoplanetary systems (Fabrycky et al. 2014 ); (b) separate to these, we have snapshots and statistical constraints on protoplanetary disc evolution and dispersion (Haisch et al. 2001; Williams & Cieza 2011; Alexander et al. 2014) . As rich and important as these data sets are, they fall far short of connecting planets to protoplanetary discs in a direct unambiguous way.
Recently ALMA uncovered widespread signatures of planet formation in discs orbiting ∼ 1 − 10 Myr old stars on scales from 10 AU to over 100 AU (ALMA Partnership et al. 2015; Andrews et al. 2016; Dipierro et al. 2018; Hendler et al. 2018; Liu et al. 2019; Andrews et al. 2018; Huang et al. 2018; Macias et al. 2019 ). These signatures are dominated by nearly circular annular rings of enhanced dust emission interspersed with gaps, some shallow, some very deep. The consensus appears to be that most of these features are carved by young planets (Dipierro et al. 2015 (Dipierro et al. , 2016 Long et al. 2018; Dullemond et al. 2018; Zhang et al. 2018) , although some of the features may be not due to planets (e.g., Zhang et al. 2015) .
These new observations represent a quantum leap in the field and enable us to test planet formation models in new ways: this is the first time that we observe planets in the process of formation and we also have data on the properties of parent discs, such as the accretion rates onto the star, the gas molecular and the dust continuum emission, and the disc morphology. By pairing the discs with the planets explicitly rather than indirectly through statistics of disjoint data sets we can probe the rates of planet forming processes.
For example, Core Accretion models (Pollack et al. 1996; Ikoma et al. 2000) predict a runaway gas accretion phase during which a ∼ 1 Neptune mass core accretes hundreds of M ⊕ worth of gas in ∼ 10 4 − 10 5 years (e.g., see Figs. 1 and 2 in Mordasini et al. 2012) . Nayakshin et al. (2019) showed that ALMA data require the runaway gas accretion rates to be reduced from the theoretically expected ones by about an order of magnitude since otherwise the embedded ALMA candidate planets should rapidly become gas giants with masses significantly above Jupiter for these wide separations (see also Lodato et al. 2019; Ndugu et al. 2019 ). Further, Manara et al. (2019) have shown how observed gas accretion rates onto the stars can be used to check population synthesis models of planet formation.
In this paper I show that ALMA data can constrain models even further and in fact challenge most strongly not our planet formation ideas but our disc evolution and dispersion ideas. In the standard picture, protoplanetary disc removal is slow -it takes ∼ 1 − 10 Myr, or at least thousands of orbits for the discs to go away. In §2 we investigate this scenario and find that if it were correct for the ALMA discs then the planets must be in a very rapid state of flux, migrating into the inner disc and possibly the star within a small fraction of the system age. This paradox is present no matter how the planets formed, e.g., for both Core Ac-cretion and Tidal Downsizing pictures. In §3, an alternative interpretation of the ALMA data is proposed -that the observed discs are much lighter than expected. This is only possible if they are not in a quasi steady state of monotonic decline, but are relatively short lived ones, having been recently created by a tidal disruption of a TD pre-collapse gas giant planet. §4 presents the discussion of the main results of this paper. In the Appendices we show that the other two common ways of estimating the gas mass of the disc -by multiplying the observed dust mass by 100, or by assuming a viscous disc equilibrium with a given viscosity parameter -lead to similar conclusions. We also show that the uncertainties in the ages of the observed systems, as large as they are, are not likely to be significant enough to invalidate our main results. Fig. 1 shows the masses and separations of the ALMA planet candidates versus the age of their star, t * . The data are collected from the two major ALMA disc surveys by Long et al. (2018) and Andrews et al. (2018) (see Nayakshin et al. 2019, NDS19 hereafter, for detail) . The right panel of fig. 1 shows stellar accretion rates for the host stars, M * . The planets shown with red crosses are those that should be migrating in the type I regime ( §2), that is, they are insufficiently massive to perturb the gas surface density in their vicinity significantly. The planets shown with blue filled circles are those that open deep gaps in their discs (they are said migrate in the type II regime).
STEADY STATE SCENARIO: PARADOX OF YOUTH
To predict how these candidate planets should evolve we need to know the gas disc surface density Σ at the planet location. Lodato et al. (2019) ; Nayakshin et al. (2019) picked 'reasonable' protoplanetary disc parameters for these systems given our current understanding of protoplanetary disc evolution (e.g., Alexander et al. 2014 ) and performed population synthesis, e.g., a statistical analysis of the problem. Here we instead use the observed stellar accretion rates to constrain Σ more directly for each system. There is more than one way of doing so. In §2.1 we follow an observationally motivated and the least model dependent approach to link Σ and M * . In the Appendix we show that two other commonly used ways of estimating Σ lead to similar conclusions.
Model disc setup
In the Steady State (SS) accretion model, we rely on the viscous disc evolution theory and calculations (Jones et al. 2012; Rosotti et al. 2017) which show that the total gas disc mass at age t * is
where M * is the accretion rate onto the host star, and ξ ≈ 2. This equation applies after the disc reached the viscous equilibrium; at earlier times most of the mass is at radii where the viscous time is much longer than t * , and calculations show that eq. 1 is an under-estimate. Therefore, by using ξ = 2 below we follow the most conservative approach. Higher values of ξ would only strengthen our conclusions. We assume that the disc surface density Σ scales with R as (this is consistent with observations, see Williams & Cieza 2011 )
where R 0 = 100 AU is a scaling constant, out to an outer radius R out . Observations show that the molecular CO-line detected gas disc outer radii, R out , are usually a factor of ∼ 2 larger than the mm-dust disc radii. Since ALMA candidate planets are found at separations up to 100 AU, R out should be comparable to R 0 or exceed that. For simplicity we fix R out = 200 AU (which is also typical for the observed CO discs; see fig. 8 in Ansdell et al. 2018) . With these definitions, and the inner disc radius R in ≈ R * ∼ 0 (i.e., negligible compared to the scales of interest here), the constant Σ 0 can be found from the total disc mass M disc . For convenience we define a local disc mass at the planet orbital radius,
For the disc temperature profile, we assume T = T 0 (R 0 /R) 1/2 , where T 0 = 20 K; such temperature profiles are typical of ptotoplanetary disc models and ALMA discs (e.g., Long et al. 2018) . The geometric aspect ratio for the discs is
where H is the disc vertical scale height, k b is the Boltzmann's constant, µ = 2.45m p is the mean molecular weight, and m p is the proton mass. The planets are divided onto those migrating in type I (no gap in the disc) and type II (a deep gap in the disc is opened) via the Crida et al. (2006) criterion. The type I migration time for a planet of mass M p is
where M p and M * are the planet and the star masses, Ω = (GM * /R 3 ) 1/2 is the Keplerian angular frequency. The dimensionless factor γ depends on the disc properties (Paardekooper et al. 2010 ) and evaluates to γ = 2.5 in our disc model. Numerically,
The type II migration time scale is
where α v is the disc viscosity parameter (Shakura & Sunyaev 1973) , and the last factor in the brackets corrects the migration time scale (Ivanov et al. 1999 ) when the planet outweighs the local disc (which is ∼ 4πΣR 2 ). This correction is usually unimportant at wide separations. Similar to planets, dust particles drift radially inward (except possibly within the dust gap edges) due to aerodynamical friction with the gaseous disc (Whipple 1972) 
here v K = (GM * /R) 1/2 , and η = 1.25 given our model disc pressure profile. Eq. 8 applies only far enough from the planets, e.g., at radial distance larger than a few R H , where R H = R(M p /3M * ) 1/3 is the Hill's radius of the planet. The dimensionless number St is the particles Stokes number. Particles with St 1 are small partilces strongly coupled to the gas, whereas those with St 1 are larger particles weakly affected by the gas. At a disc location with gas surface density Σ,
where we assumed the Epstein regime for a dust particle of radius a and material density ρ a . For definitiveness we use ρ a = 1 g cm −3 below. Particles with St 1 are small particles strongly coupled to the gas, whereas those with St 1 are larger particles weakly affected by the gas. Numerically, for St 1, the dust drift time scale for a = 0.1 cm particles with material density ρ a [g/cm 3 ] is Dust drift time Dust Figure 2 . The disc masses (left), the planet migration and accretion time scales (middle), and the dust migration time (right) for the Steady State disc and Core Accretion scenario. Many of the evolutionary time scales are much shorter than the ages of the system, constituting the paradox of youth.
Steady State disc + Core Accretion
Now that we have our disc model specified we can start evaluating planet formation and evolution scenarios. In the Core Accretion model, planets grow in mass by accretion of solids and gas. For the high mass planets considered here, gas accretion is expected to dominate the accretion rate M p onto the planet(e.g., Pollack et al. 1996) . For definitiveness, we use the 'Bern' (Mordasini et al. 2012 ) gas accretion rate model which was found the most conservative (and thus the least challenged by the ALMA data, see Nayakshin et al. 2019) . We define the planet accretion time scale t acc as
The planet mass should increase by the factor e in time t acc . The left panel of Fig. 2 shows the total disc mass for the ALMA sample found as explained in §2.1. Before moving on to other constraints on the steady state disc scenario, it is worth pointing out that some of the disc mass estimates in Fig. 2 are uncomfortably high; some of these discs should be massive enough to be gravitationally unstable. This in itself may not be a great surprise as the ALMA protoplanetary disc targets were selected to be the brightest in mm continuum sources (e.g., Andrews et al. 2018) . However, two of the most massive discs are very old, t ∼ 10 Myr. Additionally, gravitational instabilities should drive very strong spiral arm features which focus dust particles into spiral arms (e.g., . This would contradict the dominant annular morphology of the discs in the sample. For example, the disc of the ∼ 12 Myr old star HD169142 shows annular structures in three ALMA wavelengths, 0.89, 1.3 and 3 mm (Macias et al. 2019 ), yet its mass estimate in the SS model is comparable to the mass of the star. This should cause very strong spiral density features . Therefore, already on this basis we can claim that the SS model disc masses are suspiciously high for at least some of the ALMA discs.
The middle panel of Fig. 2 shows planet migration, t mig , and planet accretion, t acc , time scales. The latter are shown with green triangles. Blue filled circles and the open red circles show t mig for planets migrating in the type II (gap opened, very massive planets) and in the type I cases (no gap, less massive planets), respectively. The results project the paradox of youth very clearly. For most of the ALMA planet candidates, both t mig and time t acc are much shorter than the actual age of the system. These planets could be evolving towards very much more massive planets rapidly by runaway gas accretion, but NDS19 found that this is ruled out by the rarity of such planets at wide separations in both ALMA observations and Direct Imaging surveys (e.g. Vigan et al. 2017) . The planets could then be migrating inward of 10 AU rapidly, as suggested by Lodato et al. (2019) . However, in that case we need a train of ∼ t * /t mig gas giants per ALMA disc, that is, as many as 10 − 1000 planets per disc. This is very unlikely because giant planets are quite rare at all separations. For example, Fernandes et al. (2019) finds that the separation-integrated frequency of occurrence is only ∼ 6% for planets more massive than 1 M J .
The right panel of fig. 2 shows that for many of the systems the dust drift time scales are ∼ 10 times shorter than the ages of the stars, t * . This however is a very well known problem of protoplanetary discs: large dust particles drift inward much too rapidly (e.g., Weidenschilling 1977) . While no uniquely accepted solution exists, it is very likely that dust fragmentation is a big part of the solution. Turbulent grain fragmentation may limit dust growth so that the radial drift velocity is sufficiently small to sustain an observable dust population for Millions of years (Dullemond & Dominik 2005; Birnstiel et al. 2009 Birnstiel et al. , 2012 . A self-consistent dust growth and fragmentation modelling is beyond the scope of this paper. The point of the right panel of fig. 2 is therefore to only draw attention of the modellers to the ALMA data set explored here. The previously unavailable planet evolution constraints that ALMA data provide may shed new light on the processes shaping the dust distributions in protoplanetary discs.
Returning to the paradox of youth of ALMA planet candidates, to illustrate it further, we propagated the planet evolution tracks forward in time for all of the planets from Fig. 2 . A viscosity parameter α v = 5 × 10 −3 (as in Lodato et al. 2019; Nayakshin et al. 2019 ) was assumed, and the disc surface properties frozen for this calculation. In Nayakshin et al. (2019) it was shown that statistics of ALMA planets require slower runaway gas accretion rates, approximately by an order of magnitude, compared with the standard Core Accretion calculations. For this reason, and to also discuss other planet formation scenarios in the next section, here we compare two extreme cases: gas accretion on versus gas accretion completely off.
The results of this planet evolution calculation, carried forward for time t = 0.1 Myr, 0.3 Myr and 0.7 Myr into the future, are shown in Fig. 3 below. The left hand panels show the calculation with the gas accretion on, whereas on the right we show the case where planetary masses kept constant. We observe that the paradox of youth is severe in both of these cases. The population of the ALMA candidate planets should evolve significantly already in 0.1 Myr, with more than half of the planets in the 0.1 − 3 M J mass range disappearing from orbits wider than 10 AU. The situation becomes even worse for the two later panels: only two candidate planets grace that parameter space. This is very uncomfortable since the ages of the stars are ∼ 1 − 10 Myr. This calculation shows that planet migration paradox for ALMA planet candidates exists independently of whether the planet accretes gas or not. The calculation also agrees with the results of Lodato et al. (2019) , predicting that the planets would end up as massive planets in the future. However the challenge is that this happens all too quickly, begging the question of how can it be that we are so lucky to observe the planets in their apparently short-lived state.
Steady State disc + Tidal Downsizing
In the TD scenario (Nayakshin 2017a), gas clumps with mass of a few M J and size of an AU or more are formed very early on by GI fragmentation of very massive, M disc (0.1−0.2)M * , discs. Clumps migrate inward rapidly, accreting pebbles (Humphries & Nayakshin 2018 ) and making massive solid cores in their centres as they go. Many are expected to be tidally disrupted within the inner ∼ 10 AU, perhaps leaving behind lower mass planets (Kuiper 1951; Nayakshin 2010a ). Nayakshin (2016) showed via 1D models that lower mass dust-rich gas clumps are prone to self-disruption if they assemble massive solid cores in their centres. As the cores assemble, their accretion energy is released back into the gas envelope of the clump, inflating it. Simple energy arguments show that cores with mass ∼ 10−20 M ⊕ are well capable of destabilising gas clumps with mass M 5 M J (see Nayakshin & Cha 2012) . Humphries & Nayakshin (2019, submitted) have recently presented 3D simulations of dust and core dynamics within such selfinflated gas clumps, confirming results of Nayakshin (2016). Thus, TD scenario produces planets with masses and separations consistent with the ALMA planet candidates naturally and potentially very rapidly.
However, in conjunction with the standard assumptions about disc evolution that we explore in this section -quasisteady state, monotonically evolving discs -the TD scenario is even less promising that CA as an explanation for the origin of the ALMA planet candidates. This is because the clumps are born very early (at t ∼ 0.1 Myr) in discs that were presumably even more massive than they are now. Further, the planets are also more massive at that time in this scenario. In the Type I migration these planets must migrate inward at the rate proportional to the product M p M loc . Rescaling eq. 6 for M loc ∼ 0.1M we get t mig1 ∼ 10 4 yr .
Such short time scales are indeed found in numerical simulations (e.g., Baruteau et al. 2011; Hall et al. 2017; Fletcher et al. 2019) . Therefore, TD-made planets should migrate inward even faster than the planets in the 'migration off' Core Accretion model presented in the right panels of Fig. 3 . We should discard the 'Steady State disc + TD' scenario without spending much more time on it.
Discussion of the Paradox of Youth
We found that in the Steady State disc evolution scenario, the ALMA planets must have just been made (e.g., the minimum of t mig and t acc ago) for us to stand a decent chance of observing them. This is true for both Core Accretion and Tidal Downsizing theories of planet formation but is highly unlikely for statistical reasons, as gas giant planets are quite rare at all separations. Furhtermore, some of the systems are inferred to host multiple planets, usually with a wide range of planet masses and separations. This would be a tremendous coincidence if these planets grew/evolved at just the right rates at very disparate conditions for us to observe them just before they plunge into the inner disc. A case in point is CI Tau (Clarke et al. 2018) . In addition to the three planets at tens of AU separations analysed here, it also hosts a very massive M p ≈ 12 M J hot Jupiter at separation of only ∼ 0.1 AU. The planet luminosity is consistent with the hot start models (Flagg et al. 2019) , potentially implying the planet was made by GI and migrated to its present location. Being as massive as it is, the planet should be migrating in the type II regime, with t mig2 ≈ M p / M * ∼ 3 × 10 5 yr
for the accretion rate of 3 × 10 −8 M yr −1 . The migration times of the outer three planets in this system are evaluated in the SS scenario as ∼ 7 × 10 4 yrs for the inner two planets, and ∼ 3 Myr for the outermost planet. For a system that is ∼ 1 − 2 Myr old, t mig is uncomfortably short for the inner 3 planets.
In Appendix C we consider how the very large age uncertainties of the stars younger than ∼ 20 Myr (Soderblom et al. 2014 ) could affect our conclusions. This is much more palatable, however this would imply that the disc cannot be a very long lived one. Taking accretion rate onto the star to be M * = 10 −8 M yr −1 we see that the disc would be completely consumed by the star within the depletion time defined as
This time is quite short. In the Steady State scenario, such a situation could arise if the discs used to be much more massive and we just happen to observe them just before they are completely dispersed. This solution would imply that there should be many other discs that are much more massive than those in the ALMA sample since they are not yet close to dispersion. This is not the case; the discs in our sample are some of the most massive, and have on average an order of magnitude more dust than a typical protoplanetary disc of the same age (e.g., see Fig. 4 in Long et al. 2018 ). This is not a coincidence as so far ALMA focused on targets that are the brightest in the mm-wavelength emission (e.g., Andrews et al. 2018) .
Therefore, if we are prepared to contemplate that the discs in this sample are surprisingly low mass, e.g., ∼ 1 M J in gas, then we also need to accept that they are transient, that is much shorter lived than the age of the systems. If this is the case then we do not have to require planet migration time scales to be as long as the age of the star -they only have to be longer than the disc depletion time scale.
Secondary discs in Tidal Downsizing
In the Core Accretion scenarios, planets accrete planetesimals, pebbles, and gas from the parent disc (e.g., Mordasini 2018) while the disc is evolving monotonically towards its dissipation via accretion onto the star and also through outflows (Alexander et al. 2014) . Hence the flow of mass is always from the disc to the planet.
In Tidal Downsizing, mass flows between planets and the disc in both directions. Planets gain mass from the disc at their formation via gravitational instability, of course. They may continue to accrete gas (Kratter et al. 2010; Zhu et al. 2012; Stamatellos 2015) but only if gas cooling in the Hill sphere of the planet is rapid enough (Nayakshin 2017b) . They also accrete both planetesimals (Helled et al. 2006 ) and pebbles Boley et al. 2011; Nayakshin 2015a; Humphries & Nayakshin 2018; Forgan 2019) . TD planets return some or all of their gaseous mass to the disc when they are tidally disrupted (Vorobyov & Basu 2005 Machida et al. 2010 ). This disruption process is a promising candidate to explain the FU Ori outbursts of very young (t 0.5 Myr) protostars (Vorobyov & Basu 2010) and associated puzzles, such as the 'lumonisity problem' of young protostars (Dunham & Vorobyov 2012) , and the age spread of accreting stars in clusters (Baraffe et al. 2012) . TD protoplanets are disrupted in this case in the inner ∼ 0.1 AU to a few AU (Nayakshin & Lodato 2012 ). Right after their disruption, the local disc is awash with material formerly belonging to the planet, which fuels a powerful gas accretion outburst onto the star. The outburst lasts on the order of the local disc viscous time,
where α −1 = α v /0.1 and R −1 = R/(0.1 AU), and we assumed H/R = 0.03, as appropriate for the inner disc region. The duration of these outburst can hence range from ∼ 10 yrs to thousands of years, and the corresponding accretion rate onto the star, assuming that the planet looses 3 M J of gas, is
This is comparable to the stellar accretion rates during FU Ori outbursts (Hartmann & Kenyon 1996) but is multiple orders of magnitude larger than the gas accretion rates we observe for the ALMA sample (see the right panel in Fig.  1 ). However, as stressed previously, TD planets can be disrupted also at tens of AU if their envelopes get over-inflated due to the energy release by the massive solid cores growing in the planet centres (Nayakshin 2016), Humphries & Nayakshin (2019, submitted) . Such disruptions may release not only gas but also small dust and planetesimal like materials (Cha & Nayakshin 2011; Nayakshin & Cha 2012) . Since the protoplanets can be much hotter than the surrounding gaseous discs (from hundreds up to ∼ 2000 Kelvin), the solids released back into the disc may carry crystalline and other thermally-processed materials (Vorobyov 2011; Ilee et al. 2017) , which may help to account for the unexpectedly complex composition of comets in the Solar System (Bridges et al. 2012) . The expected duration of the outburst in this case is obtained by rescaling equation 16, assuming H/R ∼ 0.1 and R ∼ 100 AU:
where R 100 = R/(100 AU). The corresponding accretion rate, again using M p = 3 M J is
Such accretion rates are reasonably large for the ALMA data set. Furthermore, if ALMA planets are to be interpreted in the context of Tidal Downsizing, then disruption of the primordial gas clumps is a necessity. The clumps formed by disc fragmentation due to gravitational instability are expected to be on the order of 1 M J to as much as 10 M J given the uncertainties in the disc parameters at fragmentation (Kratter et al. 2010; Forgan & Rice 2011; Kratter & Lodato 2016 ). It does not appear likely that disc fragmentation could hatch gas clumps as low mass as 0.1 M J . Therefore, by invoking tidal disruption of gas protoplanets with masses of a few M J via energy released by massive cores inside these protoplanets we may achieve several desirable consequences at once.
ALMA data in the TD interpretation
As explained earlier, we now assume that the ALMA planet candidates are the remnants left over from the disruption of an earlier more massive progenitors 1 . In this scenario most of ALMA discs are the secondary discs formed by the same disruption. This is in difference to the 'primary' protoplanetary discs which we speculate have been dispersed very early on (see §3.4 for a more detailed calculation). For this section, the orbital location of the planet then sets the disc 'age' via the viscous time (eq. 18). As we do not know α v a priory, we consider three representative values for it, α v = 0.001, 0.01 and 0.1. Our calculations of planet migration and dust drift time scales in this section are identical to that in §2.2 in every aspect except for how the gas surface density at the location of the planet found.
To that end we assume that the disc reached a local viscous equilibrium everywhere inward from the location of the planet (Shakura & Sunyaev 1973) , which gives
where M(R) is the accretion rate through the disc at radius R, and R pl is the orbital separation of the planet from the star. Applying this equation at the location of the planet we get Σ at that location. Further, with the chosen disc temperature profile ( §2), the resultant disc surface density has the same power-law radius dependence as in eq. 2, that is, Σ(R) ∝ R −1 . The mass of the disc from R = R * ≈ 0 to R pl integrates to Fig. 4 shows application of this 'rejuvenated disc' scenario to the ALMA data. The left panels show the estimated gas disc masses (eq. 21), while the planet migration and the dust drift times are shown in the right panels. These are shown against the viscous time t visc (eq. 18) rather than 1 Since most of the planetary candidates are less massive than a Jovian mass Nayakshin et al. 2019) , this is a reasonable assumption. The few really massive planets like PDS 70 (M p ∼ 10 M J ), for which this assumption is unlikely to be correct, do not actually matter much in our analysis of the paradox of youth. These massive planets easily open a deep gap in the disc and migrate inward quite slowly in the Type II regime. None of them are problematic (see the blue circles in Fig. 2 ). the system age. This is because we assume that we observe the system in a special time -after the planet disruptionand the state of the system depends on the age of the star very weakly. The dust radial migration time scale is therefore a very significant constraint on this scenario -if the dust migrates inward too rapidly then these discs would not be observable via dust continuum emission. There are also no planet accretion time scales to report in this scenario. We assume that these planets do not accrete gas from the surrounding disc since their cores are very luminous; if anything these remnant planets may be loosing more mass as time goes on.
The top row of fig. 4 shows that for α v = 10 −3 the discs would actually be very long-lived, requiring disc masses orders of magnitude higher than a gas giant disruption can deliver. The planets would be drained onto the star too rapidly. For many of the ALMA systems the estimated viscous times are actually longer than the stellar age, t * , indicating that our assumption of viscous quasi-equilibrium (eq. 20) is violated. This contradicts observations directly because the gas liberated in a planet disruption would not yet have reached the star since t visc t * , so this model could not explain gas accretion onto the star. Therefore, the scenario with α v = 10 −3 , and any lower values of the viscosity parameter, fail on many accounts.
The middle row in fig. 4 indicates that the model with the higher value of α v = 0.01 does better but is still ruled out for similar reasons.
The model with the highest value α v = 0.1 (the bottom row) appears to be reasonable: the disc masses are all in the planetary regime, the planets are safe from falling into the star during the short secondary disc existence, and the dust drift time scales are somewhat shorter than t v , allowing the dust to accumulate into the planetary traps, but not so short than we expect only very narrow dust rings.
A disc-planet co-evolution example
Having confirmed in the previous section that the secondary disc model does much better in addressing the ALMA data than the Steady State scenario, we now present an example detailed calculation of the planet-disc co-evolution in the TD framework. For simplicity we assume just one progenitor planet in the disc.
Our calculation is based on the 1D viscous timedependent disc evolution model with a planet embedded in it (Nayakshin 2015c) . The disc evolves under the action of viscous and planet migration torques, and photoevaporation. Additionally, if/when the planet is tidally disrupted its gaseous envelope is deposited back into the disc at the planet location. The calculation includes a module for the internal evolution of the planet, which treats radiative cooling of the planet; growth, settling and vaporisation for four different species of dust (from water ice to Fe), and core formation. The accretion energy of the core is released back into the gaseous envelope. The most recent summary of the code is provided in Appendices A2-A4 of Nayakshin (2016) (N16 hereafter).
We first of all note that planetary disruptions with properties similar to those that we require for the ALMA data were already seen in N16. For example, Fig. 2 in N16 shows a gas clump injected into the disc at separation of 80 AU. The clump migrates in, and gets disrupted (thick curves in that figure) at separation of about 50 AU at time 0.2 Myr after its injection into the disc. The disruption occurs only because of the energy released by the growing core, which reaches the mass of about 12 M ⊕ . The calculation with the core feedback turned off (thin curves in fig. 2 in N16) does not disrupt the clump: in that case it continues to migrate and becomes a gas giant planet that stops migrating at about 10 AU when the disc is finally dispersed. In contrast, the calculation with the core feedback produces a massive core with a small Hydrogen envelope that gets stranded at separation of 44 AU.
Therefore, we use the code of N16 with very small modifications. First of all, we modify the initial conditions. For this paper we are interested in a case when a gas clump remains at large separations at the end of the primary protoplanetary disc dissipation. Physically, clumps can be left stranded at wide separations if the disc over-extends itself during GI fragmentation, making too many clumps; such a gravitational fragmentation catastrophe is possible behind R 100 AU where disc cooling is sufficiently rapid (Gammie 2001). The migration of the clumps could then be much slower than that obtained when considering just one clump because the combined mass of the clumps could exceed that of the disc at the region that underwent fragmentation. Further, some clumps can be scattered outward and then have unusually slow migration histories.
Bearing that in mind, we start our calculation close to the time of primary disc dissipation, assuming the remaining disc mass is M disc = 10 M J . The mass of the star is set to 1M . We use the α v = 0.1 viscosity parameter that was seen best to explain the data in §3.3. Due to this, the primary disc is drained very rapidly by accretion onto the star. We are thus justified in setting t ≈ 0 as the initial time in our calculation. The disc is endowed with twice the Solar metallicity pebble complement (Z = 2Z ), and the pebble size is set to a = 1 mm. The protoplanetary disc surface density is set initially to
where R exp = 150 AU. An M p = 2 M J gas clump is embedded in the disc at a = 120 AU at t = 0. The planet is assumed to have accreted pebbles previously and has metallicity twice that of the parent disc, so 4Z , at the start of the calculation. This is physically feasible: Humphries & Nayakshin (2018) found that pebbles can be accreted by a few Jupiter mass gas clump very rapidly; unlike the case of much less massive planets, no 'pebble isolation gap' (Lambrechts et al. 2014 ) is opened in the initial massive disc while the clump migrates rapidly.
The only other change to the code of N16 is the addition of the stellar irradiation heating of the clump. As described in Nayakshin (2015c) , external clump irradiation retards its radiative cooling. While the clump is embedded in the disc, the irradiation temperature is given by the disc midplane temperature, with the same profile as used in §2.1. Once the primary disc dissipates, however, stellar radiation reaches the planet directly. The equilibrium temperature, that we call the 'irradiation temperature', is the temperature reached by the surface of a passively irradiated planet, and it is given by
where the protostellar luminosity is set to L * = 2L .
The results of this disc-planet co-evolution calculation are presented in fig. 5 . The upper left panel shows the separation R, planet radius R pl and its Hill radius R H . The planet gaseous envelope is assumed to be entirely removed when R pl exceeds 2 R H /2. The upper right panel shows the planet central temperature T c , the irradiation temperature T irr and the effective temperature for the planet outgoing radiation. The bottom left panel shows the disc gas accretion rate onto the star (black solid) and the total disc mass (red dotted). The bottom right panel shows the disc and the planet dust properties, which we explain in greater detail below.
2 In reality the envelope may start loosing mass earlier due to thermal escape via the L1 point primarily (see Nayakshin & Lodato 2012 ) before it fulfils the complete disruption criterion. The mass loss rate from the planet also depends on its spin and 3D morphology (e.g., Galvagni & Mayer 2014 ). Finally, some or even much of the envelope may remain bound. We do not model these intricate effects here. Dust mass, disc and planet Planet core Planet total Opt-thin disc Opt-thin planet Figure 5 . An example disc and planet co-evolution in the Tidal Downsizing scenario. The primary disc is dissipated at around t = 1 Myr, and the short lived secondary disc is born when the planet is disrupted at around 1.5 Myr. See §3.4 for more detail.
The disc is drained onto the star and is also photoevaporated within the first 1 Myr. As the disc photoevaporation is most efficient at relatively small radii (Alexander & Armitage 2009 ), R ∼ 1 AU, accretion onto the star terminates before the outer disc regions are removed. The planet manages to migrate to separation R ≈ 68 AU before the disc is removed. While the disc is present, the planet accretes more pebbles and its total dust mass increases from ∼ 40 M ⊕ to ∼ 80 M ⊕ (cf. the red dot-dash curve in the bottom right panel). The core in the planet grows initially very rapidly from a negligible value to a few Earth masses at which point its growth slows down because the core luminosity starts to affect the contraction of the planet and the regions nearest to the core. Due to this the rate of the planet central temperature increase and the rate of radius contraction drop significantly after the first ∼ 0.2 Myr. At this point we see that the planet and the core settle in a quasi equilibrium state in which the planet expands very slowly (compared to its dynamical time which is of order 1 yr). The expansion is fuelled by the core growth to about 10 M ⊕ . Now, when the disc is finally removed, stellar radiation starts to heat the planet directly rather than processed through the disc, which increases T irr , further slowing the rate of planet cooling. This then leads to the core gaining the upper hand in the heating-cooling balance; the envelope expansion accelerates at that point. This goes on until the envelope is disrupted at t ≈ 1.5 Myr.
The disruption releases 2 M J of fresh gas and about 70 M ⊕ of dust. Note that dust particles outside the core, even as large as ∼ 1 cm, are well coupled to the gas in the planet (since the planet pre-disruption gas density is much higher than that of the protoplanetary disc), and are therefore disrupted together with it (Cha & Nayakshin 2011; Nayakshin & Cha 2012) . The secondary protoplanetary disc is born. The initial accretion rate onto the star is quite high, M * ∼ 2 × 10 −8 M yr −1 , but subsizes quickly, dropping to below 10 −10 M yr −1 within ∼ 0.3 Myr. As with the primary disc, the outer disc lasts somewhat longer until it is completely removed by photo-evaporation at t ≈ 2 Myr.
Observational Implications
There are several distinctive observable characteristics of the secondary disc scenario proposed here. First of all, the gas mass of the secondary discs is much smaller than expected on the basis of the two usually available diagnostics. The Steady-State scenario ( §2) would interpret a t * = 1.5 Myr old star accreting at the rate of ∼ 10 −8 M yr −1 as having a disc with gas mass M d ∼ 2 M * t * = 30 M J , whereas the actual disc mass is less than 2 M J . Additionally, the planet metallicity at disruption is Z ≈ 8Z , which is much higher than the disc initial pebble abundance of 2Z . Thus one would over-estimate the gas mass by a factor of ∼ four if using the 'canonical' gas-to-dust ratio (50 for the initial dust abundance in our calculation). This prediction of the theory can be checked in the future by HD molecular line observations. The CO line observations are probably less trustworthy in this case since the luminosity of the disc in this molecule depends not only on the difficult to model disc chemistry but should also be generally proportional to the unknown dust-to-gas ratio.
The most direct observational test of the secondary planet disruption disc scenario is detection or otherwise of the pre-disruption dusty molecular clumps. These may be detectable with ALMA long-look observations. To show that, the bottom right panel of fig. 5 plots with the blue dotted line the optically thin dust mass estimate for the clump. This calculation assumes that a clump is imaged but unresolved by ALMA, which may be the most likely case since ALMA beam size for protoplanetary discs tends to from a few AU to 10 AU. Assuming that ALMA detected a source within this beam size, and that an optically thin dust emissivity is used (as usual), the deduced mass is
where the dust opacity κ ν is scaled to the widely used value of 2.3 cm 2 /g (for frequency of 230 GHz). Of course the correct dust mass in the clump is much larger, and is given by the solid red curve in the figure, but until the clump is disrupted its emission is consistent with a Lunar to a fraction of an Earth mass of dust. Nevertheless, the high angular resolution of ALMA is likely to be sufficient to discover these clumps if they are there. Paradoxically, however, one may want to point ALMA towards protostars with less massive dust discs which so far have not been systematically targeted by ALMA. Pre-collapse clumps of TD may be also sufficiently bright in the optical to be detected with high resolution observations (we plan to evaluate this in greater detail in a forthcoming paper). In contrast to the Core Accretion giant planets, which are physically much smaller, TD planets are not expected to emit in the UV even if they are accreting gas because the corresponding shock temperature is in hundreds of Kelvin rather than 10 4 K.
DISCUSSION

Main results
It was shown in §2 that within the standard interpretation of disc evolution, ALMA planet candidates present a paradox of youth. The inferred gas disc masses in this scenario are large and so the planets must migrate into the sub ten AU region extremely rapidly (figs. 2 and 3). To have a decent chance of observing the planets we must require that each of these discs produce tens to hundreds of gas giant planets over its lifetime. This scenario should be rejected based on the observed rarity of giant planets and the available solids mass budget 3 .
The paradox of youth plagues any planet formation scenario as long as the standard disc evolution picture is assumed. The origin of the paradox is in the obtained too high gas disc masses, M d , and the assumption that the discs were there (and would be even more massive) at times t ≤ t * , the age of the system. In the Appendices we considered possible uncertainties in our results and concluded that they are unlikely to remedy the paradox.
An alternative scenario in which the discs are the result of a deposition of 'fresh' gas and dust into the system was considered in §3. In this case the disc lasts for the viscous time, t visc , which depends on the unknown viscosity parameter α v . If t visc t * , then several problems are alleviated at once. The inferred disc masses are lower, so the migration time t mig increases, giving us a more reasonable chance to observe the planets; further, we only need t mig to be longer than the viscous time rather than the age of the system. A recent injection of new mass also explains how "old" (e.g., up to t * ∼ 10 Myr) protostars can be accreting gas at unexpectedly high rates. In this scenario, the planets may be as old as their stars but the discs are young, and will live for only a fraction of a Million years.
By considering the planet migration and the dust drift constraints together we arrived at a requirement that the disc viscosity parameter α v needs to be high ( fig. 4 and  §3. 3), ∼ 0.1. This high value of α v is surprising. However, more detailed time-dependent viscous disc calculations show that lower values of α ∼ (1 − 3) × 10 −2 may work as well. In our order of magnitude calculation in §3.2 we estimated the duration during which the secondary disc is observable (before being drained onto the star) as one viscous time (eqs. 16 and 18). The more detailed calculation in §3.4 shows that the star continues to accrete gas for about three viscous times whereas the dusty disc should be observable for almost five viscous times. In a paper in prep. we find that for the very well resolved disc of TW Hydra a value of α ∼ 3 × 10 −2 provides a reasonable fit to the data 4 .
Similarly large values of α were also proposed by other workers, e.g., Clarke et al. (2018) . Finally, α 10 −2 may not be unreasonable in the view of the recent realisation that large scale magnetic field driven outflows may be very efficient in removing angular momentum of discs (Bai & Stone 2013; Bai 2016) . The corresponding mass of ALMA gas discs is of order the Jovian mass (the left bottom panel of fig.  4) . Such low mass gas discs have the disc surface density of about 1 g cm −2 on the spatial scales of ALMA discs. They hence may be ionised sufficiently well throughout to maintain a strong coupling to magnetic fields. Further, it is important to stress that the viscosity parameter α v may not necessarily reflect the turbulent viscosity parameter α turb that is often introduced separately and is believed to be much smaller than 0.1 based on the observations of dust dynamics and line profiles of protoplanetary discs (ALMA Partnership et al. 2015; Flaherty et al. 2018 ).
The origin of secondary discs
Given that these low disc masses are consistent with the gas giant planet masses, it is natural to associate these secondary discs with tidal disruptions of one or more dust-rich protoplanets in the context of the Tidal Downsizing theory (Nayakshin 2017a) . Such far-out core-feedback initiated disruptions were investigated by Nayakshin & Cha (2012) . Nayakshin (2016) explored this scenario further and suggested that HL Tau suspected planets may be formed in such disruptions. In §3.4 we used the code of Nayakshin (2016) to calculate and present an example of a dusty 2 M J protoplanet that gets stranded at large separations when the primary disc is dispersed. The planet is over-inflated by a massive solid core growing in its centre, self-destructs, and fields a short lived but bright secondary disc. In this scenario the current sample of bright ALMA discs is dominated by the systems in which protoplanet disruptions occurred very recently. In dimmer systems there are either no wide separation dusty clumps or they are not yet disrupted.
This scenario has a certain observational merit given that dust masses of the ALMA sources used for analysis in this paper lie in the range of ∼ (20 − 200) M ⊕ . This can be surmised from the left panel of fig. A1 which shows the dust disc mass multiplied by 100. These dust masses fall in the range expected from disruption of a gas giant planet as can be seen from the right bottom panel of fig. 5 . Additionally, at least for hot Jupiters the inferred metal content of planets more massive than 1 M J is between ∼ 30 M ⊕ and as much as ∼ 200 M ⊕ (Thorngren et al. 2016) 5 . These masses are one to two orders of magnitude higher than the logarithmic mean of dust mass of a typical protoplanetary disc. For example, the ODISEA survey ) finds that the logarithmic means of these masses are ∼ 4 M ⊕ and ∼ 0.8 M ⊕ for class I and class II sources, respectively. In fact Williams et al. (2019) note that there is a surprising amount of scatter in the dust masses of discs at all ages and they suggest that there may be a 'substantial dust regeneration after 1 Myr'. The secondary disc scenario naturally offers a mechanism for such late dust regeneration.
One physical difficulty with the secondary scenario in the TD context -and possibly the reason why this has not been suggested pre-ALMA as far as a rejuvenation mechanism for protoplanetary discs -is that the disruption of the planets are required to occur at unexpectedly late times, e.g., 1 − 10 Myr. The contraction and collapse time of a uniform composition core-less and isolated gas giant planet can be approximated as t col ∼ 0.5 Myr ×(Z/Z ) δ (M p / M J ) −2 where δ ∼ 0.8 − 1 (within a factor of two or so as results do depend on the assumed dust opacity; Helled & Bodenheimer 2011; Nayakshin 2015c) . This shows that isolated very massive gas giant planets, e.g., M p 3 M J are unlikely to last Millions of years in the pre-collapse state even if they are very metal rich. Once they collapse via Hydrogen molecule dissociation (Bodenheimer 1974; Nayakshin 2015b) , their radius falls to just a few Jupiter radii. This post-collapse state of young planets is known as 'hot start' GI planets in the previous literature (e.g., Marley et al. 2007) . Such dense planets cannot be disrupted by their cores or via tides. External irradiation of planets can delay their contraction and even unbind them (e.g., Cameron et al. 1982; Vazan & Helled 2012) . This effect was indeed taken into account in the model presented in §3.4. However much more work is warranted as a physically related problem of inflated hot Jupiters shows that additional effects such as Ohmic heating, radiative green house and 'mechanical green house', may be important (see, e.g., Ginzburg & Sari 2015) .
Alternatively, secondary discs could be formed by a fresh deposition of gas from outside of the system, as argued by Manara et al. (2018) . The discs in this scenario are "conveyor belts" and are continuously replenished with further matter falling onto the system from the outside. One potential challenge to this scenario is the flat architecture of the ALMA discs that are co-planar with the planets. The orientation of the angular momentum vector of the fresh material is likely to be random (chaotic; Bate et al. 2010) and is unlikely to coincide with that of the early gas infall. One therefore could expect the discs to be warped and misaligned with respect to the orbital plane of the planets. However, if the discs are massive enough then planets may readjust to the new orbital plane sufficiently fast. We leave a detailed evaluation of this scenario for future work.
One potentially promising way of differentiating between the two scenarios for the origin of secondary discs is the gas-to-dust ratio of these discs. If the discs are produced in the disruptions of Tidal Downsizing planets then they must be strongly enriched in metals, and thus dust, compared to the host stars. This is because GI protoplanets are found to accrete pebbles and become pebble-rich (Humphries & Nayakshin 2018; Baehr & Klahr 2019) . Furthermore, physical self-consistency of the model requires the protoplanets to be metal rich because Solar metallicity protoplanets are expected to contract much faster because their opacity is lower (Helled & Bodenheimer 2011) . Protoplanets with a Solar-like composition would not last in their extended disruption-prone state for Millions of years, and their metal content would also be insuffient to make solid cores massive enough to drive their disruption (Nayakshin 2016) . Hence TD scenario predicts an enhanced gas-to-dust ratio for the secondary discs. In contrast, fresh material deposited from outside would be of simular composition to the host star, with a gas-to-dust ratio closer to the canonical ∼ 100.
Direct observational tests of the TD secondary disc scenario
It was argued in §3.5 that long-look ALMA observations should be able to detect the dusty pre-disruption giant planets in the ∼ few Myr old discs if such planets are there. In a paper in preparation (Humphries et al 2020) we find that detecting AU scale optically thick passively irradiated planets (their internal luminosities are quite low) with ALMA in the dust continuum emission is not trivial but not impossible either. Less bright in the mm-continuum dust emission sys-tems may in fact be more promising targets to look for such planets as they may be easier to disentangle from the protoplanetary disc emission. Additionally, albedo of dusty molecular gas is ∼ 0.5 in the optical/NIR wavelengths (Woitke et al. 2019) , implying that a significant fraction of the stellar luminosity incident onto the protoplanets could be reflected and hence be observable. Emission from several cold clumps of unknown nature with AU-scale sizes at distance of tens of AU from the host star has been recently detected in PDS 70 (Mesa et al. 2019) , which is one of the objects included in our study. Additionally, if the disruption process is less abrupt than we assumed here then the clumps may be surrounded by emission elongated mainly along their orbits of both gas and dust that could stand out much better than point-like pre-disruption protoplanets. Our chances of observing this could be bolstered further by a correspondingly longer duration over which such more gradual mass loss could be occurring compared to an abrupt protoplanet disruption. The dynamics of gas, small and large dust is likely to be all different from other extended emission sources such as vortexes. Further work on the process of protoplanet disruption and its observational signatures is well warranted.
Connection to Direct Imaging searches for planets
If such dusty protoplanets are found in significant numbers then this would require a significant re-evaluation of current ideas about the likelyhood of protoplanetary disc fragmentation on planetary mass objects. A number of authors (e.g., see the review by Kratter & Lodato 2016) argue that since Direct Imaging observations limit the frequency of occurence of planetary mass objects on wide orbits to only a few % of FGK stars then GI fragmentation is similarly rare (Vigan et al. 2017 ). Humphries et al. (2019) considered one GI gas protoplanet per massive gas disc, and neglected the role of massive cores in the protoplanet evolution. They found that inward migration removes these planets from the wide orbits very efficiently and that most are destroyed by tides within ∼ 10 AU. They argued that a much larger number of clumps is needed to be fielded at wide separations at t ∼ 0 to explain both the Vigan et al. (2017) constraints and the observed 'not Core Accretion' population of very massive gas giants inside a few AU (Santos et al. 2017; Schlaufman 2018; Adibekyan 2019; Maldonado et al. 2019) . In particular, Humphries et al. (2019) noted that at least 30% of stars need to host a GI protoplanet on a wide orbit to explain these observations. If the secondary disruption scenario proposed in this paper is correct then the number of dusty gas clumps born in the disc at t ≈ 0 must be much larger, e.g., ∼ O(10) per star. This could be the case if a typical disc exceeds 100 AU in the embedded phase of star formation and fragments on many protoplanets. To satisfy the stringent Direct Imaging constraints 99% or more of these clumps needs to be 'removed' by either migration into the inner disc, N-body scatterings with other planets, secondary stars or external stellar mass perturbers, or by late disruptions that are key to the present paper. Whether this is feasible is an open question.
Whatever the outcome of future observational searches for the pre-disruption clumps, the advent of ALMA observa-tions of dusty protoplanetary discs harbouring planet candidates ushers theoretical modelling of planet formation into a new realm. Instead of using very rich but disjoint sets of constraints on the protoplanetary disc evolution and the statistics of planets in systems no longer forming planets, which is unfortunately fraught with significant uncertainties, theorists should now produce joint models of discs and planets evolving in concert to try and address the most modern data. Figure A1 . Same as Fig. 2 but for the steady state Dusty Disc scenario. The disc masses (left), the planet migration and accretion time scales (middle), the dust migration time and the disc depletion time (right). The evolutionary time scales are often shorter than the age of the systems, confirming the paradox of youth. evolution paradigm in the Dusty Disc scenario often used in the literature. In this case the gas disc mass is calculated by multiplying the dust disc mass by 100 for all the objects, M disc = 100M dust , instead of using eq. 1. This is the only change to the approach taken in §2.2; the calculation of all of the time scales is then exactly the same. Further, now that the disc mass is not tied to the accretion rate onto the star, it is sensible to define the disc depletion time as the time that it takes for it to be consumed by the star, t dep = M disc / M * . Fig. A1 shows the results for the sources for which we were able to find the dust disc masses in the literature. Comparing these results to Fig. 2 , we see that tn the Dusty Disc scenario the planet migration and accretion time scales are somewhat longer, so the paradox of youth is not as acute, but it does remain a significant problem. Additionally, the right panel of fig. A1 shows that with the smaller disc masses in the DD scenario, two additional problems arise. First, for many of the systems, these gas discs should have been consumed by the star by now. Second, the dust drift time are ∼ 10 times shorter than t * for some of the systems. The DD model therefore suffers from three paradoxes of youth: for the planets, the gas discs, and the mm-sized dust.
APPENDIX B: VISCOUS EQUILIBRIUM DISC
In §2.1 we assumed that the disc is in viscous equilibrium and that the outer disc edge is at R out = 200 AU for all of our systems. We also fixed the viscosity parameter α v = 3 × 10 −3 . Here we relax these assumptions and instead let α v be a free parameter of the model.
Far from the stellar surface (R R * ), the accretion rate through the part of the disc that has reached viscous equilibrium is constant with radius, and is related to the local disc properties via (Shakura & Sunyaev 1973) 
where ν = α v c s H and Σ are the disc viscosity and surface density, c s is the isothermal sound speed. Here we invert this equation to obtain Σ at the location of the planet. This is the only change made to our approach. Fig. B1 shows the estimates for the total disc mass (left panel), the planet migration time scale (middle panel) and the dust drift time scales (right panel). The top, middle and the bottom rows differ by the value of the disc viscosity parameter, set to α v = 10 −2 , 10 −3 , 10 −4 , respectively. For the clarity of presentation the migration time is set 3 × 10 7 yrs if it is longer than that (such migration times are long enough to not violate any constraints). The case with α v = 0.1 is not presented here since for such a large value of α v the viscous time is, as shown previously, of order 10 4 − 10 5 years, far too short for the Steady State scenario since our systems are one-two orders of magnitude older than this.
As previously, the blue dots show candidate planets that are in the type 2 migration regime (a wide gap opened). At the largest value of α v considered in the figure (top row), very few of the planets are in this regime. The disc masses are moderate, with only a few systems found at mass (0.01 − 0.1)M , with the rest being much smaller. The planet migration times are however still too short. In fact even the planets in the type 2 regime are "younger" than their stars because the viscous times are somewhat shorter than t * for α v = 10 −2 .
For α v = 10 −3 , more planets are in type 2 regime, and these planets now are migrating sufficiently slow. The disc masses are however a factor of 10 higher than in the top row, so that many of the systems are now uncomfortable massive, e.g., M disc 0.1M . We expect such discs to show some signatures of spiral structure rather than cleanly defined rings. The planets migrating in the type 1 regime do so all too rapidly, typically in ∼ 1% of the system's age.
These problems become even more apparent for the case of α v = 10 −4 (bottom row). Now most of the discs are massive enough to show spiral structure, and the type 1 migration times are very uncomfortably short: some planets have migration times 10 3 yrs. The disc mass is however estimated here assuming the discs extend to 200 AU. The disc mass estimate could be reduced by a factor of several, typically, which would still be too high for the low α cases.
APPENDIX C: AGE UNCERTAINTIES
Due to a number of observational challenges and physical uncertainties in the evolution of young stars, their age determinations are thought to be reliable only for stars older than about 20 Myrs (Soderblom et al. 2014) . For example, Drift time (a = 1 mm) 1 mm grain particle constraints t migr = t age Figure B1 . The Steady State scenario for three different values of the viscoisty parameter, α v = 10 −2 , 10 −3 , 10 −4 , from the top to the bottom rows, respectively. See text in §B for detail.
the exact nature of the energy dissipation at the accretion shock on the stellar surface can significantly influence the evolution of the stellar luminosity and radius and hence its inferred age (Baraffe et al. 2012) . This usually make the stars appear older than they are. On the other hand, the presence of magnetic fields in young stars, usually neglected in the stellar evolution modelling of their ages, may lead to under-estimates of stellar ages by a factor of ∼ 2 − 3 (Simon et al. 2019) .
To assess the importance of age uncertainties for our results, we repeat the analysis of §2 assuming the stellar ages twice older (left panel of fig. C1 ) or three times younger (right panel of the figure) than that currently inferred from observations. We can see that problems become more severe if stellar ages are under-estimated. This is caused by the disc mass estimate M disc = ξ M * t * increasing linearly with t * . Both the planet migration and the gas runaway accretion timescales then become shorter as they are proportional to 1/t * . Therefore, the ratio of the accretion, and the type I migration, time scales to t * behave as ∝ t −2 * . This means that doubling t * makes the paradox of youth four times worse than for the nominal t * that we used in §2.
For the same reasons, decreasing t * by a factor of three relaxes the paradox by a factor of 9. We can see from the left panel of fig. C1 about a half of the objects now have migration and accretion time scales longer than the age estimate. However, there are still significant outliers for the older sources in particular. This shows that if the observed objects are significantly younger than usually assumed then the migration and ac-cretion challenges to the standard scenario of planet formation and disc evolution disappear. However, the error in the age determination should be by as much as an order of magnitude for the older objects in particular, which appears unlikely. Further, taken in the broader context of protoplanetary disc evolution it would suggest that the discs are dispersed much faster than we currently assume. This would make the whole problem of planet formation by the Core Accretion scenario much more challenging.
Therefore it appears unlikely that such significant stellar age over-estimates is the solution for the paradox of youth.
This paper has been typeset from a T E X/L A T E X file prepared by the author. SS, three times younger t * Type I Type II t acc Figure C1 . Middle panel: the migration and accretion time scales for the ALMA planet candidates as presented in fig. 2 . Left panel:
Same calculation but assuming that all the stellar ages are twice longer. Right panel: Same but assuming that all the stellar ages are three times younger.
